Some concrete structures exhibit cracking which is sometimes attributed to expansion caused by delayed ettringite formation. A study of materials in service shows that this pathology does not only occur in heat-treated concrete but also in mass concrete structures. In the latter, the thermal cycle appears to be more intense in view of the length of time high temperatures are maintained. Several parameters seem essential for the reaction to take place: the cement content must be high ; concreting must take place during the summer, the cement must be of the appropriate type (in terms of alkali, SO 3 and C 3 A content), humidity must be high and the aggregate must have certain mineralogical characteristics.
Introduction
In some cases the deterioration of concrete structures has been attributed to the internal sulphate reaction and, more specifically, delayed ettringite formation. Unlike more classical sulphate reactions in which sulphates attack the concrete from outside leading to gradual deterioration that spreads from the surface inwards, the internal sulphate reaction affects all the concrete without the need for an external sulphate source. It causes the material to expand leading to cracking of the structure. The expansion is attributed to the formation of ettringite which is, under certain thermodynamic conditions, expansive. This process is most apparent in concrete that has been heated to relatively high temperatures [1 -3] . It is also encountered in concrete whose composition is particularly susceptible to it and which is subjected to appropriate long-term environmental conditions (frequent wetting). However, delayed ettringite formation can also occur in cast in-situ mass concrete elements [4, 5] . In France, the discovery of the process and the resultant damage is recent, the first cases having been identified in 1998 [6] . At present only a small number of affected structures (about a dozen) have been identified, but they are sufficiently important to justify our attention.
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We have conducted a study of in-service materials which have sustained damage as the result of delayed ettringite formation. These real cases are likely to provide some answers to the complex problem of delayed ettringite formation and therefore constitute an essential complement to fundamental laboratory studies.
In order to gain a better understanding of this type of structure we have conducted an appraisal of the suspect structures. We selected five bridges from among the known cases. Various investigations were conducted on the concrete in these bridges in order to determine the origin of the damage and identify factors that were present in all cases and that are necessary for the ettringite formation reaction to take place. The study adopts a holistic approach, that is to say it considers both microscopic aspects that relate to the material and macroscopic aspects that relate to the structure (environment, mechanical stresses, etc.). Various complementary investigation techniques were employed. Before commenting on the information obtained from these studies we shall briefly describe the structures and the methods used. Finally, we have considered the respective roles played by the different constituents of the concrete and its environment in the reaction.
The bridges and the apparent damage
The five studied bridges were constructed between 1955 and 1990. Geographically, they are located south of a line extending from Nantes to Besançon. The damage never affects the entire structure, and are mainly apparent in the relatively massive elements. Furthermore, in comparison to their size, the affected members are not subjected to large mechanical stresses. In order to maintain the confidential nature of these appraisals we shall refer to the bridges by a letter. The average height of the piers is 6.8 m. They are constructed on mass concrete which is set in the molassic substratum and they consist of two circular pillars, 2 m in diameter, which are connected at the top by a cross head ( Figure 2 ). This is either hollow, as in the case of piers P1 and P3 forming a caisson which receives the mobile bridge bearings, or solid, as in the case of piers P2 and P4 to which fixed bridge bearings are fitted.
Bridge
The distress only affects the cross head of pier 2, the concrete of which was cast in August 1954. This is a solid parallelipedal reinforced concrete cross head, measuring 1.5 m high, 8.2 m long and 2.7 m wide. The first visible defects were observed during a detailed inspection conducted in 1982. The inspection report mentions the presence of cracking and the growth of much vegetation at the ends of the pier springer. The previous inspection reports did not mention these defects. We can consequently assume that the distress first appeared in the early 1980s. The distress takes the form of a network of widely-spaced multidirectional cracks. Cracking sometimes has a preferential orientation that depends on how the reinforcement is distributed. The crack apertures vary from a few tenths of millimetres to a few millimetres according to the zone. The cracks are frequently emphasized by moisture and occasionally a whitish or greyish substance has been observed to exude from the cracks (Figure 3 ). The horizontal cracks also appear to be more severe and are occasionally as much as 7 mm in width. Lastly, the distress is mainly present at the ends of the cross head. These are the surfaces that are directly exposed to bad weather and water dripping from the footpaths. No defects are apparent on the central part of the cross head.
Bridge B
This bridge was constructed in 1967 and consists of six 25 metre spans ( Figure 4) . Each of the five piers is affected by a network of cracks, forming a more or less regular gridlike pattern. ( Figure 5 ). The cracks are generally located at construction joints, but there are also some between these. The largest vertical cracks are frequently located near the downpipes that are fitted to the piers inside the pillars, upstream and downstream. These cracks have been sealed with repair products (probably in 1979). The detailed inspection conducted in 1993 revealed that some of the cracks (both vertical and horizontal) had traversed the protective material. The apertures ranged between a tenth of a millimetre and several millimetres. The damage to the concrete on pier 2 appears more severe -the cracks are wider, locally attaining eight millimetres.
Bridge C
This bridge was constructed during 1980-1981. It is a statically determinate pre-stressed beam structure with a three span deck which is 120 m long and 13 m wide. This viaduct consists of a northern abutment (constructed on a concrete block) a southern abutment (constructed on rock) and two piers (constructed on footings). The distress is confined to the cross heads of the two piers. Each pier consists of a pillar whose cross-section fits within a rectangle measuring 3.1 x 7.5 m, with a height of 14.5 m in the case of the northern pier and 9.3 m in the case of the southern pier. These are topped by a cross head with a length of 14 m and a width of 3.5 m whose height varies between 1.1 m and 2.0 m. The ends of the cross heads are covered with architectural facings consisting of six prefabricated reinforced concrete units. Judging from a survey of the site the two cross heads were constructed in August and September 1980. The cross head on the North pier has closely-spaced vertical cracking on both sides with a maximum crack aperture varying between 0.2 mm and 1.2 mm (Figure 7 ). The ends of the cross head are covered by the architectural facings which prevent observation of the member in this zone. Some cracks contain streaks of calcite, which indicates the movement of water inside the concrete. Several horizontal cracks are also present and appear to be located at construction joints. The results of the 1997 crack survey for the cross head of the north pier are shown in Figure 8 . A considerable increase in cracking as compared with the 1989 inspection is apparent. The cross head of the South pier suffers from the same type of distress, but seems less severely affected. The maximum crack aperture is only 0.3 mm, except on the east end where widths attain 1.7 mm (Figure 9 ). Furthermore, the network of cracks is denser and efflorescence can be observed in this zone. Lastly, the detailed inspection conducted in 1997 showed a lack of drainage from the supports (abutments and piers). The distress is mostly confined to pier 6 on which multidirectional cracking typical of that caused by an internal swelling reaction is apparent ( Figure 11 ). In addition the crazing is mainly located within the tidal zone, where the average tidal range is between 3 and 4 metres. The four sides of the pier are affected and cracking seems to be advancing in the dry zone. The concrete that forms this pier was cast in August and September 1989.
Pier 4 also exhibits crazing, but this is less severe. Lastly, piers P3 and P5 have vertical cracks with apertures attaining 0.8 mm. However, this cracking was observed immediately after construction and was attributed to thermal shrinkage of the concrete. 
Bridge E
This bridge has a total length of 350 m and a total width of 15 m. It has 9 supports consisting of 2 abutments and 7 piers. The distress is essentially confined to the two piers that rest on the river bed ( Figure 12 ). These are within the tidal zone and water may occasionally reach a height of two metres. This obviously leads to cycles of wetting and drying which facilitate the transport of materials within the concrete. The distressed piers were cast in August and September 1990. These are relatively massive concrete members whose average height is 6.5 m and which are 11.0 m long and 3.0 m thick. The distress wase observed during a detailed inspection conducted in 1998. They are mostly confined to the tidal zone. The largest cracks tend to be longitudinal. They are accompanied by a large number of transverse cracks ( Figure 13 ), but these are narrower. Some exudation has been observed from the crack network, as has some localized expansion of the concrete. 
Investigation methods
Laboratory studies were conducted using quantitative mineralogical analysis [7, 8] . They included the following investigations: measurement of density and porosity accessible to water; chemical analysis of the filtrate resulting from a "controlled" attack by 0.25 mol/L nitric acid; determination of the chemical species present with an X-ray diffractometer; simultaneous thermigravimetric and thermal analysis; examination with a scanning electron microscopic coupled with an energy dispersive spectrometer analysis. The results of these investigations were then processed iteratively by the "Minéraux" program to obtain the quantitative mineral composition from which the original composition of the concrete was reconstructed.
Several core samples were taken from the structures, with varying depths (from 30 cm to 60 cm). These specimens were taken from both degraded zones and un-degraded zones to allow comparison between the two. All specimens were kept in watertight bags prior to investigation.
Determination of density and voids content
The density and porosity accessible to water were measured in order to calculate, amongst other parameters, the cement content of the concrete. The measurements were performed by hydrostatic weighing of a concrete specimen of approximately 200 g taken from the centre of the core sample. We applied the experimental procedure recommended by the French Civil Engineering Association [9] .
Chemical analyses
Chemical analyses were performed subsequent to dissolution in 0.25 mol/L nitric acid. This selective dissolution aimed to dissolve only the cement matrix of the concrete and the limestone portion of the aggregate. The insoluble residue was obtained after filtering International RILEM TC 186-ISA Workshop on Internal Sulfate Attack and Delayed Ettringite Formation, 4-6 September 2002, Villars, Switzerland of the attack solution and calcination at 1000°C. The sodium and potassium contents were measured by atomic-absorption spectrometry (Perkin Elmer AA100). Calcium, silicon, iron, magnesium and aluminium were determined by plasma source atomic emission spectrometry (Jobin Yvon JY24). Sulphate content and loss on combustion were determined by gravimetric analysis as specified in the French Standard NF EN 196-2.
X-ray diffractometry
The diffractometric analyses were performed using a Philips PW 1830 with cobalt K radiation and a proportional counter. The diffractograms were taken between 6° and 68° (2 ), on raw specimens that had been ground to a size of just under 315 m and also on the binder enriched portion obtained after removal of aggregate and ground until no fraction was retained on a 80 micrometre screen. The specimens were only slightly ground in an attempt to avoid damage to the fragile needle-shaped ettringite crystals [10] .
Thermal analysis
Thermal analysis was performed with a simultaneous thermal analyzer (Netzsch STA 409 E). This apparatus is able perform thermogravimetric and differential thermal analysis on the same sample. Such analysis provides a quantification of water loss and carbon dioxide.
Scanning electron microscopy
These investigations were conducted with a Philips XL 30 with an EDAX DX 4i microprobe for the energy dispersive analysis of the emitted X-ray spectrum. It was decided to work on fresh breaks resulting from fracture in order not to modify the appearance and arrangement of the constituent minerals and the position of harmful neoformed substances. These investigations were performed on polished samples.
Mineralogical calculation
The results of these investigations were processed by the "Minéraux" software program in order to obtain a quantitative estimation of the mineralogical composition from which the composition of the original concrete could be reconstructed. Amongst other things, the mineralogical calculation determines the cement content by applying two independent methods, one of which uses an iterative formula derived from that proposed by the CETIC (Centre d'Etudes Techniques de l'Industrie Cimentière -Cement Industry Centre for Technical Studies), and the other uses a reference oxide, usually soluble silica. Lastly, examination of the results and balances obtained for the various measured constituents provides information, notably about the causes of any deterioration which the analyzed material may have undergone. In particular, an external source of sulphate will lead to an excess in the corresponding balance in the mineralogical calculation. When performed on healthy concrete, this computation also provides a means of reconstituting the chemical composition of the cement used to manufacture the concrete.
Results and discussion

Identifying and locating the products of deterioration
The microstructure was investigated using a scanning electron microscope. It is important to note that no product of an alkali-silica reaction was observed in the case of the investigated structures. However, the microscopic analyses show that the studied concretes have been subjected to major sulphate attack. Consequently, this section will deal specifically with this disease so any confusion with distress caused by the alkalisilica reaction is avoided. This is important as when both these causes of deterioration are present it is difficult to know which is mainly responsible for the distresses.
The sulphate reaction results in the presence of ettringite. This was present throughout the material and on all the examined surfaces, both on the outside and within the core samples. Its morphology varies depending on the space available for the crystals to form. In cavities or entrained air bubbles the ettringite takes the form of needle-like crystals whose orientation exhibits varying degrees of uniformity, but which are generally perpendicular to the surfaces on which they have grown ( Figure 14 ). Furthermore, neoformed ettringite fills a great many of the voids ( Figure 15 ). The ettringite that is generally observed in the concrete in question has a wide range of textures (Figure 16 ), but it is mainly poorly crystallized and massive. Needles are no longer apparent and ultimate analysis is required to detect this form of ettringite ( Figure 16 ). Furthermore this form is principally present at the cement paste/aggregate interfaces ( Figure 17 ). The aggregate particles or the cavities left by them are coated in a thin film of ettringite, which is usually less than 15 m thick ( Figure 18 ) but which may occasionally attain 40 to 50 m ( Figure 19 ). We can divide the ettringite into two types: well-crystallised ettringite which has a regular form and massive ettringite in which individual crystals are not visible.
In consequence, the abundance of the massive form of ettringite at the cement paste/aggregate interface gives the impression that its formation will have generated sufficiently large internal stresses to cause deformation and cracking within the material.
It remains difficult to distinguish between the expansive and the non-expansive forms of ettringite. However, the morphology that is observed where ettringite is located may provide valuable information concerning its expansivity or otherwise. The reason for this is that the characteristic needle form, in which the crystals are clearly separated, is non expansive ettringite that has been precipitated from the interstitial solution in the voids of the concrete (microporous zones in the cement paste, pores or bubbles). It is the consequence of precipitation from a dilute solution, which is therefore in a state of thermodynamic equilibrium. However, compressed ettringite is essentially located at the cement paste/aggregate particle interface and is therefore expansive. Expansive ettringite is formed at reactive sites (residual C 3 A, hydrated calcium aluminates, etc.) where localized quasi-instantaneous conditions of extremely high localized supersaturation are likely to pertain. This supersaturation leads to the rapid precipitation of poorly crystallized ettringite which generates localized high pressures. The morphology of the ettringite depends therefore on its environment, not only its geometric environment (because its crystallization varies according to the available space) but also its chemical environment (because the massive and poorly crystallized appearance is associated with formation under extreme supersaturation of the interstitial solution which make it highly expansive, in accordance with Riecke's equation).
Ettringite is formed in situ on contact with calcium aluminates. Nucleus formation takes place far more rapidly that crystal growth leading to the formation of a large number of very small crystals. The poorly crystallized appearance of the ettringite may also indicate expansion due to repulsion of the electrical double layer around colloidal ettringite particles [11] .
Mineralogical composition of the studied concretes
Using the data obtained from the chemical and thermogravimetric analysis and X-ray diffractometry, the "Minéraux" software programme provides a quantitative estimate of the mineralogical composition of the concretes: the percentage of the concrete that consists of cement; the amount of the different mineral species in the aggregate: dolomite, calcite, insoluble residue (quartz and silicates).
The results are given in simplified form in Table 1 . The case of bridge C excepted, the aggregate in the concretes was mainly obtained from siliceous or silicate rocks whose mineral composition essentially consisted of quartz and orthoclase. The secondary minerals consisted of plagioclase and micas. The cement contents were calculated on the basis of the density of the concrete and are set out in Table 2 . They are relatively high, in the region of 400 kg/m 3 . In addition, the concretes have a porosity accessible to water of between 15% and 19%, which is characteristic of low density concrete. This results in high permeability which facilitates the transfer of liquid or gaseous fluids within the material. On the basis of the information in the records (construction date, type of cement, factory, etc), the chemical composition of the binders used in the structure was obtained by using the LCPC (French Public Works Research Laboratory) cement database ( Table 3 ). The potential composition of the cements was calculated using Bogue's formula. However, certain precautions were taken in order to ensure that the composition obtained was likely to be reliable. These consisted of taking account of the hydraulic silica, the free lime and the calcium carbonate contained in the cement. This avoids erroneous results with regard to the relative proportions of the two silicates (C 3 S and C 2 S) [12] . The results are set out in Table 4 . The concretes in bridges A, C and E were formulated using CEM I type Portland cement without an additive. The concrete in bridge B was manufactured using the CPAL type cement of the time. This binder would today be classed as CEM II/A cement. It contains between 10 and 15 % of blast furnace slag. In this case Bogue's formula was applied only to the clinker portion of the binder. Lastly, the concrete from bridge D is based on
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Portland cement with about 10% of calcareous filler. It therefore belongs to class CEM II/A. The mineralogical composition of the cement was determined after removal of the limestone portion.
The potential composition of the cements is fairly similar, apart from cement A. The low tricalcic silicate content of cement A can be explained by the presence of a large quantity of free lime. Moreover, the accuracy with which the tricalcium aluminate content has been calculated may be affected by the analytical methods of the time (1954 .As previously stated, the five studied concretes were not affected by the alkali-silica reaction but essentially by a high level of sulphate activity. This reaction is able to explain the distress observed in the structures. However, the question of the origin of the ettringite neoformations remains. In order for massive precipitation of ettringite to take place, amongst other factors, a large quantity of sulphates must be mobilized. This can occur for several reasons: sulphate influx from an external source; weathering of aggregate with a high pyrites content which releases sulphate ions into the interstitial solution of the concrete; remobilization of the sulphates originally present in the cement matrix.
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The external environment of the structure The studied members are not in direct contact with the soil which eliminates the risk of external sulphate influx. In the case of bridges B, D and E, analysis of the water has demonstrated that this could not be a possible sulphate source. No sulphate reaction front was observed under scanning electron microscopy. Furthermore, in the case of the core samples that were examined, the ettringite presence appears to be greater deeper within the concrete than on the surface. Also, the results of the mineralogical calculations did not reveal an excessive amount of sulphates in comparison to the total mass of concrete which would indicate an external sulphate source or oxidation of pyrites in the aggregate.
In the light of the above, we can state that the sulphate activity cannot have a source which is external to the concrete. It is therefore an internal reaction involving only the constituents of the cement matrix.
The constituents of the concrete Some aggregates occasionally contain iron sulphides, in particular in the form of iron pyrites FeS 2 , which can be oxidized in the presence of highly oxygenated water. Neither microscopic examination nor thermal analysis detected any pyrites in the aggregate, so we can also reject this hypothesis for all the concretes in our study.
A possible source of sulphates could be the remobilization of sulphur initially contained in the cement matrix. This may be produced by the dissolution and reprecipitation of early hydration ettringite caused by a leaching flow. However, when concrete is attacked by pure water, the ettringite (which is very insoluble) will not be attacked until some of the lime has been leached and the interstitial solution in the concrete is no longer determined by equilibrium with the portlandite. Microscopic examination shows that the portlandite plates have not been partially dissolved. In addition, no "zoning" of the solid phase of the cement matrix is apparent in which each mineralogical zone is marked by dissolution and precipitation fronts. Finally, poorly crystallized, expansive, ettringite is more common within the core of the concrete.
Another possible cause of sulphur remobilization is sulphates in the cement which were unable to react completely during hydration or which have been formed by the partial decomposition of early hydration ettringite as a consequence of considerable heating of the material. The latter is possible in the case of the concretes we are dealing with in view of the risks of considerable temperature rises in the structural elements analyzed.
Estimation of temperature rise in early age concrete
For a number of years, modelling of the behaviour of early age concrete has been recognized as a major industrial problem that has stimulated research both in France and abroad [13 -17] . This research has its origins in the problems encountered in prefabrication. The size of the elements in modern large-scale projects means that it is necessary to study the temperatures and stresses generated in early age concrete.
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Temperature is a fundamental parameter in delayed ettringite formation. For this reason it is necessary to evaluate the temperature within concrete during setting. Our starting hypothesis was that the temperature rise in a massive concrete element can be estimated on the basis of the temperature rise under adiabatic conditions. Estimating this is a question of computing the amount of heat generated by the hydration of the concrete.
Determining the heat of hydration of concrete
The first stage is to determine the exothermic properties of the concrete, i.e. create a plot of heat release as a function of time, for a given initial temperature and the characteristic activation energy of its constituent cement.
The heat equation is solved, with a "source" term of the following form: Q = f(Q) exp (-E a /RT) t (Arrhenius equation) where:Q is the heat emitted per unit volume; E a is the activation energy of the reaction; R is the perfect gas constant; T is the absolute temperature and t is the time.
The temperature on its own is not sufficient to describe the thermal state of the concrete.
It is also necessary to know the amount of heat that is released Q(t).
No calorimetric measurements of the studied concretes are available. We must therefore use another method to estimate the heat of hydration. The most frequently used method is based on the phase composition (C 3 S, C 2 S, C 3 A and C 4 AF) of the cement. This is based on the hypothesis that each of the principal phases in the concrete has a characteristic specific heat of hydration and that the different phases do not interact with each other when they are hydrated simultaneously. The approach we have used is based on the work of Waller [18, 19] .
The heat of hydration of each concrete was estimated on the basis of the mineralogical composition given in Table 4 . Any secondary constituents (blast furnace slag or calcareous fillers) present in the concrete have been assumed to be inert during the early stages of hydration. The heat of hydration of each concrete is therefore equal to the sum of the heats released by each of the mineral phases it contains: q c = i q i where i is the proportion by mass of phase I in the cement (in g/g) and q i is the specific heat of hydration of phase i (in J/g).
In the calculation we have used the specific heat of hydration values given by Waller [19] which were based on the following hypotheses: C 3 A is hydrated mainly to C 4 ASH 12 ; C 4 AF is hydrated to C 3 (A,F)H 6 .
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Mineral phase Heat of hydration (J/g) C 3 S 510 C 2 S 260 C 3 A 1100
All the constituents of cement do not release the same amount of heat. The role of C 3 A and C 3 S is particularly important. Generally, as the latter predominates in the cements in question it will determine the heat of hydration to a large degree. Furthermore, the C 3 A content varies in the different cements which will directly affect the heat released during hydration. The results of the heat of hydration calculation are displayed in Table 6 . Uncertainty about the amounts of the pure phases (C 3 S, C 2 S, C 3 A et C 4 AF) means that the specific heat of hydration of the cement is only known to within about 7% [18] . The heat of hydration of artificial Portland cement is of the order of a few hundred joules per gram of hydrated cement, and usually falls within a range of 350 to 450 J/g. The cements used in the structures we are concerned with can therefore be classified as having a high heat of hydration (the average value being 440 J/g).
Determination of the heat capacity of concrete
The heat capacity of concrete (C th ) is the number of joules required to raise the temperature by 1°C. It plays a part in the calculation of the temperature rise of the concrete:
The large variability in the heat capacity of concretes, which is due to their differing compositions and types, means that it is not possible to considerer a mean value for all concretes. For this reason we have evaluated the heat capacity on the basis of the composition of the concrete in question by applying the linear model proposed by Jolicoeur [20] . The negative term in the model provides a means of taking account of the reduction in the heat capacity of the concrete that results from the progress of the hydration reactions. The average quantity of chemically bound water in hydrates has been estimated by halving the amount of bound water that is present once the concrete has set. We have assumed that the degree of hydration of the cement was 0.8 and that bound water accounted for 23% of the hydrated cement. The cement's ultimate degree of hydration depends essentially on the water/cement ratio which has an average value of 0.5 for the studied concretes. Other parameters, such as the nature or the fineness of the cement are also influential, but to a lesser degree. Our chosen value of 0.8 for the degree of hydration agrees with results obtained for cement pastes after 7 days of hydration in a curing oven at 60°C. Table 7 sets out calculated temperature rise under adiabatic conditions for the concretes in question. It is important to bear in mind that the model we have used estimates the final temperature rise of the concrete. We have not attempted to study the kinetics of the heat production process in the concretes. This can be deduced fairly accurately from the kinetics of cement hydration. However this information was not contained in the records concerning the structures.
The studied concretes underwent a considerable degree of heating (on average 61°C) with the exception of the concrete in bridge D which had a lower cement content and calcareous fillers in its binder. The maximum temperature in the massive elements will be given by the initial temperature of the concrete plus T. As a first approximation, we can consider the initial temperature of the concrete to be equal to the external temperature. When concreting takes place in the summer we can assume an average temperature of 20°C, so temperatures in the region of 80°C are likely to be reached in the core of the material if all aspects of good practice are not observed. Determination of the temperature field in the cross head of pier 2 in bridge A.
As an example, in the case of the cross head of bridge A, we have predicted the temperature field T(x,t) at all points in the structure with co-ordinates x and at each instant t. This required knowledge of the properties of the concrete, the geometry and the parameters that regulate exchanges between the environment and the concrete member.
Modelling was conducted as a diagnostic aid to understand the distress observed in the structure after several years. Numerical simulation of the thermal effects was undertaken with the TEXO program, which is part of the CESAR-LCPC package [21] . This computes the temperature fields and the progress of the hydration reaction in the first hours after the concrete has been cast. This computation method has been the subject of numerous studies. Comparison with the heating of massive elements as measured by sensors placed within the concrete during casting have shown that this method estimates real heating to within 10% [22] .
The properties of the concrete have been described in Section 3. We were then able to compute the heat capacity of the concrete. At the time the concrete was manufactured, the heat release kinetics were not measured by an experimental calorimetric method. Consequently, in the finite element computations we made use of an average adiabatic plot for a CEM I type cement. This has no effect on the maximum temperature attained in the core of the concrete, but the rate at which the temperature rose after laying and the International RILEM TC 186-ISA Workshop on Internal Sulfate Attack and Delayed Ettringite Formation, 4-6 September 2002, Villars, Switzerland length of the period the concrete remained at ambient temperature period could not be determined with precision.
The structure is located in the South of France and the concrete in the cross head was cast in the summer. Climatological data have been obtained from the French meteorological office (METEO-FRANCE). As our external temperature we have taken the average temperature for the month of August 1954, i.e. 20°C. This is probably an underestimate as it is likely that the surface of the concrete was exposed to the sun. Similarly, the initial temperature of the concrete was assumed to be 20 °C. Modelling also took account of reinforcement in the concrete. Finally, the surface thermal exchange coefficients for wooden formwork were applied. Three-dimensional thermal modelling was performed using this data ( Figure 20 ). Figure 21 shows a plot of temperature versus time. The temperature rise was considerable (almost 80°C in the core). The maximum temperature gradient between the skin and the core was 30°C and was obtained after 36 hours. Moreover cooling was very slow and continued for several weeks. At the start of cooling the stresses resulting from the thermal gradients probably exceeded the tensile strength of the concrete. However, these stresses must have diminished as the temperature of the cross heads returned to an equilibrium. One can therefore suggest that any cracks that were produced will have partially closed. If the concrete was cast in a moist environment, the cracks would contain water and maintain a sufficient level of humidity in the concrete for the subsequent formation of ettringite to occur. It has already been shown [23] that preexisting cracking can encourage delayed ettringite formation and increase expansion. In view of the absence of experimental calorimetric data, some uncertainty remains about the duration of the period during the concrete remains at ambient temperature. On the basis of our hypothesis, it can be seen from Figure 22 that the temperature of the concrete remains below 60°C for between 15 and 20 hours. Under these conditions, the formation of early hydration ettringite, which occurs during the first hours of hydration, should only be partially disturbed. However, maintaining the concrete at a temperature of about 80°C for several tens of hours will certainly have caused some ettringite to decompose. The probable result of this is amorphous ettringite and/or hydrated calcium monosulphoalumnate associated with sulphates adsorbed on the C-S-H gel. The "amorphization" of early hydration ettringite, which occurs through the loss of water molecules on heating, can then lead to subsequent expansion as a result of water absorption. The presence of "free" sulphates and calcium monosulphoaluminates is also likely to lead to the recrystallization of potentially expansive ettringite.
An attempt to find the critical factors for delayed ettringite formation
Delayed ettringite formation is only likely to take place under certain conditions. Its occurrence is strongly linked with four types of parameters: Parameters related to the temperature; Parameters related to the cement; Parameters related to the concrete; Parameters related to the environment.
The five studied bridges systematically exhibit common factors, which are, furthermore, frequently mentioned in the literature. The data is set out in Table 8 . Exploiting it allowed us to identify more clearly the critical factors, which are necessary for delayed ettringite formation.
Parameters related to the temperature: The observed distress does not affect the entire structure and is essentially confined to some massive members. The temperature rise within the concrete mass depends on the mineralogical composition of the concrete, the heat lost via the formwork, and also the external temperature and the initial temperature of the material. It is significant that these concretes were cast during the summer, that is to say at temperatures probably in excess of 20°C.
Furthermore, calculations of the final temperature elevations of concrete under adiabatic conditions give average values of 61°C. This a result of the use of highly exothermic concrete and a high cement content (in particular the amount of cement in concrete A was increased by 100 kg/m 3 ). In addition, quick-setting cement was used for two of the studied bridges (C and E). Two other concretes contained secondary constituents (blast furnace slag in one case, calcareous filler in the other). However, the dosage of these secondary constituents was low (<10%) so we are in fact dealing with genuine artificial Portland cements. If we consider an external temperature of 20°C, the temperatures in the core of the massive structures may reach almost 80°C.
The concrete therefore set at high temperature and was accompanied by varying degrees of shrinkage caused by thermal gradients during cooling that are responsible for mechanical stresses. These were of sufficient magnitude to cause the members to crack. This process has been observed in at least one of the studied bridges (bridge D). Cracking affects durability by facilitating the transfer of substances (water, ions) within the material. It is a factor that encourages the acceleration of the mechanisms which are necessary for delayed ettringite formation. Parameters related to the cement: Alkalis play a fundamental role in the progress of the reaction. However, there are no well established and validated critical values. The cements used in the examined bridges have a relatively high alkali content. The Na 2 O equivalent is higher than 0.6 % of the total mass of anhydrous cement in all the concretes and even exceeds 1.0% in three of them. Some authors [3, 23] have evaluated the potential reactivity of concrete with regard to secondary ettringite formation on the basis of the SO 3 /Al 2 O 3 ratio (if this is higher than 0.7 the concrete is reactive) or the SO 3 2 /Al 2 O 3 ratio (with a critical threshold of 2). In the case of the concretes we have studied these ratios did not have a noticeable effect on the development of this pathology. However, our study has shown that all the cements used had very high C 3 A and SO 3 contents. In particular, the cements used in bridges D and E contain binders which, according to the French standards, could be classified as cement for marine works (SO 3 < 3 % and C 3 A < 8 %).
Parameters related to the concrete: All the studied concretes had a high cement content. The aggregate in the concretes used in the five bridges was essentially siliceous, with the exception of the concrete in bridge C which contained silico-calcareous aggregate. This finding concurs with the work of Grattan-Bellew and Yang who have shown, on the basis of accelerated tests, that expansion is greater in the case of concrete with siliceous aggregate [24, 25] . The mineralogical composition of aggregate therefore appears to be a critical factor for the reaction to take place. Concretes that contain calcareous aggregate may tend to inhibit delayed ettringite formation due to the better quality of the cement paste/aggregate interface. This should be checked by laboratory experiments. Lastly, the cement/water ratios were relatively high, of the order of 0.5. Occasionally, voids contents as high as 19% have been measured. This is likely to lead to permeability that is sufficiently high to facilitate transfers within the concrete. However, the voids in question do not provide space for ettringite formation as the mechanisms (diffusion of ions and ettringite precipitation) are likely to be localized.
Parameter related to the environment: One of the essential conditions for the reaction to take place is a sufficient level of humidity. Depending on the structure, this may come from a waterproofing failure, a lack of drainage or the fact that part of the structure is located within the tidal range of a river. In the last case, cycles of tidal wetting and drying seem to accelerate the kinetics of the reaction. As a result severe distress may be apparent when the structures are less than ten years old.
Conclusions
The first objective of this study was to determine the causes of the deterioration affecting five bridges. Mineralogical studies of a series of core samples show the presence of pathology, mainly caused by ettringite neoformations. The simultaneous presence of an alkali-silica reaction was not observed. The ettringite is extremely expansive and the entire mass of the concrete (core and skin) is affected.
The various investigations that have been conducted all point to endogenous sulphate activity, caused by the remobilization of the sulphates initially present in the cement matrix. Furthermore, an estimation of the ultimate temperature rise in the concretes shows that the observed disorders can be explained by the mechanism of delayed ettringite formation. This disease, which is the result of heating of the concrete, is not confined to heat-treated concretes but can also occur in structures or massive concrete members. However, major differences are apparent in comparison with steam-cured concrete. The concrete remains at ambient temperature and at high tempeerature for longer periods. The reason for this is that it takes several hours for significant heating to occur in mass concrete. Similarly, heat is lost slowly over several tens of hours. The thermal cycle to which massive members are subjected therefore seems more severe with regard to delayed ettringite formation (temperatures in excess of 70°C are maintained for several days instead of 4 to 12 hours in the case of prefabricated elements).
The second objective was to identify parameters that were simultaneously present and which are necessary for delayed ettringite formation to take place. The fundamental mechanisms involved in this pathology have not yet been fully elucidated, but a number of factors clearly seem to be essential:
The high degree of heating (about 80°C) that occurs in the concrete is the result of several processes. Less exothermic cement should have been used in mass concrete of this type. Also, the concretes were cast in the summer and have a high cement content (approximately 400 kg/m 3 ); The alkali content of the cements used was relatively high (above 0.6 % Na 2 O equivalent). However, the SO 3 and C 3 A contents were not very high (approximately 2.6% of SO 3 and between 7% and 11% of C 3 A); The type of aggregate also seems to be critical. It is likely that siliceous aggregate (in particular of the quartz type) encourages the formation of potentially expansive ettringite at the paste/aggregate interface. wetting/drying cycles or relatively humid conditions are also instrumental.
Three conditions must be satisfied for an alkali-silica reaction to be initiated: the aggregate must contain reactive silica, alkali must be present and humidity must be high. A greater number of factors seem to be required for delayed ettringite formation to occur. Five or six factors are critical: the temperature, alkalis, the SO 3 and C 3 A contents of the cement, the nature of the aggregate and high humidity. It is probable that the need for these factors to be simultaneously present limits the number of structures affected by the pathology.
